Parenteral nutrition is known to cause liver injury in babies. The aim of this study is to investigate the effects of different lipid emulsions on parenteral nutrition-associated cholestasis in infants. In addition, there may be a relationship between the lipid emulsion and triglyceride levels. Furthermore, triglyceride levels may correlate with direct bilirubin and albumin, as markers of liver impairment and nutritional status. Patients with parenteral nutritionassociated cholestasis who were treated with a fish oil-based lipid emulsion (n ϭ 18) were prospectively followed for triglyceride, direct bilirubin, and albumin levels and compared with patients who were maintained on a soy-based lipid emulsion (n ϭ 59). Triglyceride levels decreased in the fish oil cohort from a mean of 140 mg/dL at wk 0 to 40 mg/dL at wk 20 but remained unchanged at ϳ140 mg/dL in the soybean cohort. Triglyceride levels of patients treated with fish oil declined over time, while those receiving soybean oil did not. Also, changes in triglyceride levels over time were directly correlated with direct bilirubin and inversely related to albumin levels. These findings may indicate an added benefit of reduced triglyceride levels for patients treated with fish oil and this effect coincides with markers for improved liver function and nutritional status. (Pediatr Res 66: 698-703, 2009) 
T he ability to meet and sustain nutritional requirements is critically important in the pediatric population, more specifically neonates, where growth and normal development are essential components of life. Gastrointestinal impairment leading to malnutrition can result from anatomic constraints (e.g., short bowel syndrome) and/or functional malabsorption. Parenteral nutrition (PN) is the only tool available for the maintenance of patients unable to sustain nutritional needs enterally. Since its advent several decades ago, PN has been studied and modified to the point where now basic physiologic homeostasis is now attainable with 100% i.v. administration of carbohydrates, protein, and fat. However, with increased use, specifically in infants, pathologic consequences have also arisen. PN has long been known to cause devastating liver injury in babies, beginning with cholestasis and progressing to frank end-stage liver failure requiring liver transplantation or, in many cases, leading to death (1) (2) (3) (4) .
Direct bilirubin, as a surrogate for cholestasis, is a marker used to diagnose and monitor parenteral nutrition-associated liver disease in children. Cholestasis is a relative indicator of liver excretory function, reflected biochemically by plasma bilirubin, or more specifically direct bilirubin. A relative biochemical indicator of liver synthetic function is plasma albumin, which also serves as a marker for overall nutritional status and anabolic/catabolic balance. Together, direct bilirubin and albumin levels can be used to estimate degree of liver function and nutritional status.
PN itself is composed of carbohydrates, protein, and fat. The fat component is a vital source of noncarbohydrate calories and also prevents essential fatty acid deficiency. Standard i.v. lipid emulsions are soybean-based, which are mainly composed of linoleic acid (omega-6) with a small amount of alpha-linolenic acid (omega-3). There has been a recent surge in research interest regarding different types of fatty acids and implications on health care in general and liver disease specifically. Fish oil-based lipids, which contain mainly docosahexaenoic acid (omega-3) and eicosapentaenoic acid (omega-3) with small amounts of linoleic acid (omega-6) and arachadonic acid (omega-6), have been shown to be a more physiologically balanced fat source and to have anti-inflammatory potential. The benefits have been most definitively displayed in their cardioprotective effects (5, 6) .
Our group has recently shown that substituting the conventional soybean-based emulsion with a fish oil-based emulsion may be effective in treating PN-associated cholestasis in infants (7, 8) . We have also shown that fish oil-based lipid emulsion can be effective as a sole fat source in cases of hypertriglyceridemia or when standard soybean-based emulsions are contraindicated (9, 10) . It should be noted that although both emulsions are primarily constituted of a single fatty acid type (omega-6 or omega-3), they are not a pure fatty acid subtype formulation and both possess some amount of the other (primarily omega-6 ϩ some omega-3, primarily omega-3 ϩ some omega-6).
In animal models, omega-3 fatty acid lipid emulsions prevented fatty liver disease, likely via improved triglyceride clearance coupled with anti-inflammatory properties (11) . Triglycerides are made of a glycerol and three fatty acids and comprise almost all ingested fat. Triglyceride level is closely linked to that of cholesterol and has been indicated as a risk factor for atherosclerosis (12) . Hypertriglyceridemia, or high plasma triglyceride levels, indicates a physiologic derangement in the balance of fat intake, storage, usage, and excretion, which itself is a marker of poor metabolic homeostasis (13) .
The aim of this study is to investigate the effects of different lipid emulsions on parenteral nutrition-associated cholestasis in infants. On the basis of our previous work and clinical observations, we propose that there is a relationship between the source of lipid emulsion source and serum triglyceride levels. Furthermore, we hypothesize that triglyceride levels correlate with direct bilirubin and albumin, as general markers of liver function and nutritional status.
MATERIALS AND METHODS

Study cohort.
From September 2004 to August 2006, 18 infants receiving PN with the conventional soybean-based lipid emulsion (Intralipid; Fresenius Kabi AG, Bad Homburg vdh, Germany) who developed cholestasis were treated with a fish oil-based lipid emulsion (Omegaven, Fresenius Kabi AG, Bad Homburg vdh, Germany) after informed consent was obtained. Treatment was authorized under a compassionate treatment protocol. After treatment, patients were prospectively followed. Eligibility criteria included direct bilirubin (DB) Ͼ2 mg/dL and predicted duration of PN for Ͼ30 d due to gastrointestinal disease. Children with other liver diseases, such as cystic fibrosis, inborn metabolic errors, and hepatitis C, were excluded.
A contemporary historical cohort of 59 patients who developed cholestasis while receiving conventional soybean emulsion with PN between February 2000 and January 2006 at Children's Hospital Boston was identified for comparison. These patients were selected after reviewing the records of 2125 patients who received PN during this period, according to pharmacy billing records. Eligibility criteria included diagnosis of gastrointestinal disease, age Ͻ2 y, cholestasis secondary to PN (two consecutive DB Ͼ2 mg/dL), and predicted duration of PN Ͼ30 d at the time that cholestasis started. Children with cholestasis that was not exclusively due to PN-associated liver damage and children whose medical records at Children's Hospital Boston provided insufficient data for analysis were excluded (2066 patients).
Study treatment. In the fish oil cohort, the soybean oil-based lipid emulsion was discontinued and treatment with fish oil-based lipid emulsion was started. For the first 2 d of treatment, patients received fish oil emulsions at 0.5 g ⅐ kg Ϫ1 ⅐ d Ϫ1 and were progressed to the maintenance dosage of 1 g ⅐ kg Ϫ1 ⅐ d Ϫ1 over for 12 h. Dosing was based on previous usage of fish oil emulsion as monotherapy. The comparison group received a soybean-based lipid emulsion with doses ranging from 1 to 4 g ⅐ kg Ϫ1 ⅐ d Ϫ1 over for 24 h. Follow-up. Clinical and laboratory values were recorded prospectively in the fish oil cohort and retrospectively in the soybean cohort. For the fish oil cohort, when patients had more than one weekly data point, the weekly mean was estimated. For the soybean cohort, when patients had more than one weekly data point, the dates with the most data points were preferentially used. Baseline was defined as the date that administration of Omegaven began (or the previous week) for the fish oil cohort and the date of the second consecutive weekly DB Ͼ2 mg/dL (or the previous week) for the soybean cohort. In both the fish oil and the soybean cohorts, patients were followed for a maximum time of 19 wk. After this time, only two patients, potentially different from the majority of patients, remained in the fish oil cohort. However, conclusions were comparable when analyzing the entire available follow-up period of these patients who remained in the cohort after wk 19 (data not shown).
Statistics. Statistical significance of baseline differences between the two groups was assessed using Wilcoxon tests, when reporting medians, and . We imputed 19 missing records in the fish oil cohort (70% of the 27 missing) and 82 in the conventional lipid cohort (37% of the 224 missing). Albumin was recorded only in the fish oil cohort: 21 observations with missing levels and 215 with recorded albumin levels (9% chance of missing albumin). We imputed a total of 15 albumin values (71% of the 21 missing). Because chances of missing TG levels were lower in the fish oil cohort than in the conventional lipid cohort, we performed a sensitivity analysis of missingness of TG by comparing analyses without imputation, with local imputation of two consecutive values (via interpolation), and with imputation of all values (via interpolation). Conclusions were comparable in all cases; thus, we present results of analyses based on linear interpolation of two consecutive values.
Changes in TG levels in the fish oil and conventional lipid cohorts were described via the weekly geometric mean across all subjects. The geometric mean corresponds to the exponential of the mean of the natural logarithm of a variable. Comparisons of the mean trajectories over time between the two study cohorts were performed using mixed-effect models including a random intercept and slope for week. In this analysis, the covariance of coefficients was assumed to be unstructured and the variance of the residuals was based on the power (to week) function. The choice of the functional form between week and mean TG was based on a p Ͻ 0.05 of the likelihood ratio test (LRT) of second or higher order polynomial coefficients for week and on Akaike's Information Criterion (AIC). Decisions about choices of random effect and other terms of the covariance matrix were based on restricted maximum likelihood (REML) and AIC. The adjusted effect of the fat emulsion was also estimated in models including treatment effect and the following potential confounders: gestational age, birth weight, diagnosis of necrotizing enterocolitis, number of diagnoses (1 versus 2 or more), age at baseline, and duration of PN before baseline. In adjusted models, we forced in age at baseline and included any additional covariates that appreciably affected the coefficient of treatment. Age at baseline is a surrogate for several risk factors of liver disease in patients receiving PN and was statistically significantly different across the two cohorts at baseline.
To study the association of the trajectory of TG, DB, and albumin over time, weekly geometric means were inspected and individual concurrent correlation coefficients were estimated separately in the fish oil and conventional lipid cohorts except for albumin, which was available only in the fish oil cohort. Pearson pairwise correlation coefficients between each two tests were estimated for each patient across weeks. The distribution of the individual correlation coefficients was graphically examined and a weighted mean across patients was estimated with weights based on the number of weeks each patient contributed for the correlation. Confidence intervals for correlation coefficients were estimated using weighted least squares of the Fisher-Z-transformed individual coefficients. When estimating correlation coefficient, patients who only had one or two pairs of measurement (correlation of ϩ or Ϫ1) were excluded. It is important to note that correlation coefficients assuming independence of the observations across time were approximately equal to the weighted mean of individual correlation coefficients. In addition, besides concurrent correlations, we estimated correlation coefficients for lagged (1, 2, and 3 wk) tests and obtained results comparable with the concurrent analysis.
Throughout the results, we will refer to the geometric mean of TG, DB, and albumin simply as means. All p values were two-sided. Analyses were performed in SAS 9.1 (SAS Institute Inc, Cary, NC).
United States Food and Drug Administration approval was obtained before administration of Omegaven. The Children's Hospital Boston Institutional Review Board also approved this study and informed consent was obtained.
RESULTS
Demographics.
Children in both the groups were similar in demographic and clinical characteristics at baseline, except for age (Table 1) . Median age was 13 and 7 wk in the fish oil and conventional lipid cohorts, respectively, (P-Wilcoxon ϭ 0.003). From baseline until wk 19, the fish oil cohort was followed for a median of 14 wk (interquartile range [IQR] ϭ 11, 18 wk) and the conventional emulsion cohort was followed for 15 wk (IQR ϭ 7, 19 wk). By wk 19, 11 patients (61%) in the fish oil cohort had completed follow-up: eight had been weaned off PN, two had expired, and 16 had reached DB Ͻ2 mg/dL. In the conventional lipid cohort, 24 patients (41%) had completed follow-up: 40 had been weaned off PN, 12 had expired, six had undergone transplantation, and 28 had reached DB Ͻ2 mg/dL.
TG levels in the fish oil versus soybean oil cohorts. TG levels decreased in the fish oil cohort from a mean of 140 mg/dL at wk 0 (or baseline) to 40 mg/dL at wk 20 but remained at ϳ140 mg/dL throughout the study period in the conventional soybean oil cohort (Fig. 1) . Differences in the trajectories of mean weekly TG levels between fish oil and soybean oil cohorts were statistically significant (p Ͻ 0.001; Fig. 1 ). The observed weekly mean TG levels of the two cohorts suggested that 8 wk passed before TG levels started decreasing (Fig. 2) . Conclusions about differences in TG trajectories between the two cohorts were comparable in unadjusted and adjusted analysis ( Table 2) . In unadjusted analysis, the weekly decline in the mean logarithm of TG levels in the fish oil cohort was Ϫ0.07 (95% CI ϭ Ϫ0.10, Ϫ0.05), and the mean increase in the soybean oil cohort was ‡ There were three subjects of other ethnicity in the soybean oil cohort. Other diagnoses included bowel obstruction, Christmas tree intestinal atresia, omphalocele, and Hirschsprung's disease. ¶ Few subjects had information about INR, PT, and PTT at baseline. INR was recorded for 10 fish oil and 11 soybean oil patients and PT/PTT were recorded for 10/11 fish oil and 12/12 soybean oil patients, respectively. 0.005 (95% CI ϭ Ϫ0.009, 0.018). In other words, the percent change in TG levels from wk 0 to wk 10 in the fish oil cohort was Ϫ50% (95% CI ϭ Ϫ63%, Ϫ39%) and in the soybean oil cohort was 4.1% (95% CI ϭ Ϫ9.5%, 22%). No covariate appreciably affected the effect of type of fat emulsion on TG trajectories over time. The association between age and TG trajectories over time suggested that TG levels were higher at wk 0 in older children.
Correlation of TG, DB, and albumin. Declines in TG and DB levels over time were positively associated in the fish oil cohort (Fig. 3) . In the soybean oil cohort, while mean DB levels declined, TG levels remained unchanged (Fig. 4) . Mean curves of TG and albumin levels in the fish oil cohort were inversely associated; when TG levels started decreasing, albumin started increasing. The association between DB and albumin was also inversely associated and when DB decreased to levels Յ2 mg/dL, albumin started increasing in the fish oil cohort. The weighted mean of the individual correlation coefficients of TG with DB also suggested a strong positive correlation between the two markers in the fish oil cohort (0.70; 95% CI ϭ 0.63, 0.86). In the soybean oil cohort, the correlation was low to moderate (0.31; 95% CI ϭ 0.18, 0.54) but also positive, contrary to previously stated data (Fig.  4) . It is possible that the correlation coefficients are overestimating the true correlation; the correlation coefficient may be over-representing the trajectory before wk 12, since it is based on the weeks in which both DB and TG are measured. In the retrospective soybean oil cohort, after DB reached levels Ͼ2 mg/dL, TG levels were measured less often (21% TG were missing among 515 wk with DB Ͼ2) compared with weeks in which DB Յ2 (40% TG were missing among 86 wk with DB Ͼ2). Overall, individual correlations between TG and DB in the fish oil cohort were strong, although one subject had an inverse (negative) correlation (Fig. 7) . Individual's correla- * Random effect models included a random intercept and a random slope for the effect of time. Also, covariance of coefficients was assumed to be unstructured and residual variance was assumed to follow a power of week function. In both unadjusted and adjusted models, the p value for the interaction between type of IV fat and week was Ͻ0.001. tions in the fish oil cohort between TG and albumin and between DB and albumin were low to moderate and inverse, respectively. Among three subjects whose correlation was opposite to the correlation in the rest of the fish oil cohort, none were weaned off PN and 33% (1) died, as opposed to all other 15 subjects in which 53% were weaned off PN and 13% died, suggesting that patients with worse liver disease may exhibit poorer correlations.
DISCUSSION
Epidemiologic studies have shown that before the age of food industrialization, humans subsisted on an omega-6 to omega-3 fatty acid ratio of ϳ1:1. Currently, that ratio stands at 16:1 in modern Western societies (14, 15) . Over large periods of time, it is logical to believe that this would have long-lasting effects on disease prevalence and indeed, diseases such as atherosclerosis, heart disease, obesity, and diabetes have sharply increased during the past century. Admittedly, dietary factors and their impact on all-encompassing disease prevalence and severity are unknown, but it would be inappropriate to discount their influence. On the basis of this overarching theory and basic science data that has repeatedly demonstrated the benefits of omega-3 fatty acids in a number of disease processes (5,16), we believe that substituting fish oil-based lipid emulsions for the standard soybean-based emulsion, which has been used for the majority of the existence of PN, will result in normalizing the severely deranged physiologic balance that exists in patients dependent on PN to some extent. These derangements manifest as poor glycemic control, cholestasis, possibly a low-level ubiquitous inflammatory state, and hypertriglyceridemia (5, 6) . We have previously shown that a fish oil-based lipid emulsion can be used safely and effectively in PN-associated cholestasis in children (7, 8) , but we believe that the benefits go beyond this. This study is an attempt to display another benefit of this treatment modality in decreasing TG levels and correlating these findings with other parameters to show a more global beneficial effect.
TG levels in patients on i.v. fish oil decline, or decline more rapidly, over time, whereas TG levels in patients on i.v. soybean oil remain the same, or decline more slowly (Fig. 1) . Supplementation with fish oil, as opposed to soybean oil, presents a more physiologically sound source of fat in that it provides a less inflammatory substrate for the inflammatory cascade and it promotes fat secretion and processing (17) (18) (19) . This results in a more efficient metabolism, possibly reflected by a decreased number of circulating TG.
Furthermore, these changes correlate directly with DB levels (Figs. 3, 4, and 7 ). Omega-3 fatty acid-mediated decrease in cholestasis, specifically improved bile excretion, results in improved lipid metabolism and hence, decreased TG levels (11, 20, 21) . The direct relationship observed between DB and TG levels is likely more a reflection of improved liver function leading to better lipid metabolism than it is a reflection of a bile-mediated mechanism, seeing how most of these patients are taking minimal enteral nutrition. Bile assists in the enteral absorption of fat, which is bypassed by i.v. administration.
Albumin was shown to be inversely related to TG levels in the fish oil cohort (Figs. 5-7) . Increased levels of albumin generally indicate adequate nutrition via protein turnover shifted toward an anabolic state. In addition, it can also reflect the synthetic function of the liver. Concurrent increase of albumin with decrease in TG and DB levels lends further evidence to the overall beneficial effects that fish oil supplementation has on liver processes and nutrition.
Parenteral omega-6 fatty acids, in the form of soybean oil, may be more toxic than once thought, perhaps contributing to PN-associated liver disease, hypertriglyceridemia, and an overall inflammatory state in infants that predisposes to further physiologic insults (5, 17) . We propose that substituting the soybean-based lipid emulsion with a fish oil-based lipid emulsion can provide the same benefits, namely high-density calories and prevention of essential fatty acid deficiency, without the potential drawbacks. The data presented suggests that fish oil supplementation in PN-dependent infants results Observed clinical effects may be more attributable to the fish oil-based lipid emulsion rather than omega-3 fatty acids themselves. The fact that the fish oil-based lipid emulsions possess a certain amount of omega-6 fatty acids makes the latter conclusion tenuous. In addition, the soybean-based lipid emulsion does possess a certain amount of downstream omega-3 fatty acids. Although strongly suggested given the proportion of the fatty acid subtypes, definitive studies examining pure lipid emulsions may be necessary to achieve a direct clinical correlation. The potential mechanism of these results may be that the positive fish oil-derived effects require a threshold concentration that is not achieved by the trace amounts of omega-3 fatty acids seen in the soybean-based lipid emulsion.
Prospective randomized data are currently being collected, which will further elucidate the relationship between fish oil-based lipid emulsions and cholestasis and TG levels in PN-dependent infants. Figure 7 . Distribution of individual Pearson correlation coefficients for pairwise association of triglyceride (TG), direct bilirubin, and albumin in the fish oil cohort and TG and albumin in the soybean oil cohort. The solid bar within the box represents the median value; upper boundary, 75th percentile; lower boundary, 25th percentile; whiskers extend from the 10th to 90th percentiles. Correlation of TG with direct bilirubin in the soybean oil cohort excluded six subjects who had one or less pair of observations and 12 subjects who had two pairs of observations (nine with correlation ϩ1 and three with correlation Ϫ1).
